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I.  INTRODUCTION 


A  propelling  charge  configuration  that  is  frequently  employed  in  Army 
howitzers  is  the  multizone  charge.  This  type  of  charge,  schematically  illus¬ 
trated  in  Figure  1,  consists  of  several  discrete  packages  of  propellant  bound 
together  in  some  fashion,  as  with  tie  straps.  The  principal  rationale  for 
this  charge  is  that  a  particular  velocity  can  be  achieved  dependent  on  the 
number  of  packages  loaded  into  the  weapon  chamber,  and  this  selectable  velo¬ 
city,  coupled  with  the  permitted  variation  of  weapon  launch  angle,  allows  a 
wide  range  coverage  by  indirect  fire  weapons. 

The  requirements  on  design  of  a  multizone  charge  are  demanding.  The 
charge  must  exhibit  reliable  performance  at  the  low-zone  end  without  compro¬ 
mising  performance  at  any  other  zone  level.1,2  A  case  in  point  is  the  recent 
development  program,  now  terminated,  for  the  155-mm,  XM211,  Propelling 
Charge.  »  The  need  for  a  new  charge  such  as  the  XM211  arose  with  the  advent 
of  long-range,  large-chamber  155-mm  howitzers  and  new  projectiles  with  larger 
rotating  bands.  When  the  existing  charges  were  fired  with  these  new  weapons 
and  projectiles,  the  projectiles  frequently  stuck.  The  probable  cause  was  the 
lack  of  a  sufficiently  high  peak  pressure  and  pressure-rise  rate  to  propel  the 
projectile  through  the  critical  engraving  region.  To  overcome  this,  a  very 
fast-burning  propellant  was  incorporated  in  the  base  XM211  increment 
(Zone  3).  Coupling  a  very  rapidly  burning  localized  ignition  source  (Zone  3) 
to  forward  packages  of  less  rapidly  burning  propellant  (Zones  4,  5  and  6)  in 
the  XM211  then  led  to  the  formation  of  axial  pressure  waves,  particularly  at 
the  Zone  5  level  with  charges  conditioned  to  63°C.  We  see  then  that  it  is 
necessary  to  consider  all  the  interrelated  components  that  make  up  the  charge 
in  order  to  optimize  performance  at  all  zone  levels. 

As  motivation  for  the  experimental  studies  we  will  shortly  discuss,  let 
us  consider  the  phenomenology  of  the  multiple-increment  charge  of  Figure  1. 
The  charge  is  base-ignited,  and  the  several  increments  of  propellant  are 
packaged  individually  in  cloth  bags,  which  are  secured  together  with  fabric 
tie  straps.  The  charge  is  undersized  with  respect  to  both  chamber  length  and 
diameter,  creating  ullage  axially  between  the  charge  and  projectile  base  and 


I.  W.  May ,  " The  Role  of  Ignition  and  Combustion  in  Gun  Propulsion:  A  Survey 

of  Developmental  Efforts ,  "  Proceedings  of  13th  JANNAF  Combustion  Meeting, 
CPIA  Publication  281,  Vol .  I,  pp .  315-340,  September  1976. 

n 

^ I .  W.  May  and  A.  W.  Horst,  "Charge  Design  Considerations  and  Their  Effect  on 
Pressure  Waves  in  Guns,  "  ARBRL-TR-02277,  Ballistic  Research  Laboratory, 

USA  ARRADCOM,  December  1980  (AD  A095342). 

3 

T.  C.  Minor  and  J.  DeLorenzo,  "Charge  Design  Approaches  to  the  Reduction  of 
Lou  Zone  Stickers,  "  Proceedings  of  1976  JANNAF  Propulsion  Meeting,  CPIA 
Publication  280,  Vol.  Ill,  pp.  403-434,  December  1976. 

^R.  J.  DeKleine,  "155-mm  XM211  Propelling  Charge  Zones  3-6  -  Design  Review 
Minutes,  "  Office  of  Project  Manager,  Cannon  Artillery  Weapons  Systems, 

Dover,  NJ,  April  9,  1980. 
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Figure  1 .  Typical  Multizone  Charge  Configuration 


between  the  charge  and  spindle  (standoff),  and  radially  between  the  charge  and 
chamber  wall.  This  allows  for  a  variety  of  complex  gas-  and  solid-phase  flows 
depending  on  the  initial  loading  configuration.  After  the  initiation  of  the 
basepad,  the  igniter  gases  may  pass  through  the  fabric  into  the  propellant  bed 
of  low  permeability  and  locally  ignite  the  base  of  the  charge,  or  they  may 
follow  the  path  of  less  resistance  through  the  radial  ullage  toward  the  for¬ 
ward  end  of  the  charge.  In  this  fashion,  the  charge  may  be  ignited  at  any 
point  along  its  length,  or  indeed,  at  the  forward  end.  The  flow  of  igniter 
and  propellant  gases  is  further  complicated  by  the  casing  material  itself, 
generally  fabric,  and  by  parasitic  components,  such  as  flash-reducer  pads, 
which  may  be  located  along  the  charge  or  imbedded  between  charge  increments. 
Since  this  multiple-increment  charge  may  consist  of  more  than  one  granulation 
of  propellant,  the  localized  ignition  of  a  very  rapidly  burning  base-increment 
propellant  can  induce  pressure  waves  and  perhaps  even  considerable  movement  of 
relatively  massive  packages  of  propellant.  Grain  fracture  may  then  create 
unprogrammed  burning  surfaces,  which  would  further  aggravate  the  production  of 
pressure  waves.  In  short,  the  external  constraints  on  a  bagged,  multizone 
charge  of  grossly  nonuniform  strength  and  permeability  give  rise  to  a  host  of 
scenarios  of  gas  flow,  bag  rupture,  propellant  movement  and  fracture,  and  the 
like.  It  is  clear,  then,  that  in  addition  to  well-documented  problems  usually 
associated  with  pressure  waves,  such  as  in  a  high -loading-density  M203  charge, 
the  deleterious  effect  in  low-loading-density  charges  of  the  impact  of  large 
quantities  of  propellant  on  the  projectile  base  on  the  projectile's  safety  and 
performance  is  now  of  concern.  And,  as  we  will  see  later,  pressure  waves 
themselves  in  this  low-loading-density  charge  may  not  present  a  breech  safety 
problem,  but  they  may  adversely  affect  more  delicate  weapon  mechanisms. 

The  experimental  investigations  reported  herein  attempted  to  assess  the 
influence  of  loading  conditions  and  variation  of  the  interrelated  components 
which  comprise  a  medium-performance,  large-caliber,  multizone  propelling 
charge  on  pressure-wave  formation.  These  investigations  were  conducted  via 
test  firings  of  a  multizone  charge  in  a  standard,  well-instrumented  155-mm 
howitzer  and  in  a  155-mm  howitzer  simulator. 

II.  TEST  SETUP 


A.  Weapon 


A  155-mm,  M199  tube  modified  with  pressure  ports  at  thirteen  axial 
locations  was  the  test  weapon  for  all  the  large-caliber  firings.  The  standard 
muzzle  brake  was  replaced  with  a  special  pressure-gage  adapter  used  in  support 
of  a  muzzle-pressure  program  that  was  conducted  concurrently  with  the  multi¬ 
zone  firings.  In  order  to  measure  system  breech  pressure,  the  standard  M199 
spindle  was  modified  with  two  pressure  ports  without  altering  the  two  standoff 
bumps  integral  to  the  spindle  system.  For  this  weapon,  the  standard,  lanyard- 
operated,  spring-driven  firing  pin  was  replaced  by  a  gas-activated  firing 
pin. ^  The  gas  necessary  to  drive  the  modified  firing  pin  into  the  M82 


J.  Rocchio,  R .  A .  Hartman,  and  N .  J .  Gerri ,  "An  Electric  Primer- Ope  rated 
Firing  Pin  Actuator  for  Large  Caliber  Guns ,  "  ARBRL-MR-0289  7 Ballistic 
Research  Laboratory,  USA  ARRADCOM,  January  1979  (AD  A069109). 
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percussion  primer  was  obtained  from  an  M52A3B1  electric  detonating  cap.  The 
rapid  and  reproducible  functioning  of  the  M52A3B1  enabled  instrumentation  to 
be  accurately  timed  by  this  firing  system.  After  the  M52A3B1  cap  was 
detonated,  there  was,  approximately,  a  1-ras  delay  until  the  M82  primer 
functioned.  An  M158  recoil  mechanism  in  conjunction  with  the  upper  carriage 
from  a  155-mm,  M59  gun  was  used  to  mount  the  APG  sleigh  which  housed  the  155- 
mm,  M199  cannon.  All  tests  with  this  system  were  done  at  the  Sandy  Point 
Firing  Facility  (Range  18)  located  at  the  Ballistic  Research  Laboratory 
(BRL) • 

B .  Instrumentation 


Instrumentation  on  all  tests  consisted  of  six  Kistler  607C3  piezoelectric 
pressure  transducers  housed  in  the  gun  chamber:  two  each  side-by-side  in  the 
spindle,  two  each  180  degrees  apart  at  mid-chamber,  and  two  each  30  degrees 
apart  at  the  forward  end  of  the  chamber  (Figure  2).  These  six  gages  (a  redun¬ 
dant  gage  at  each  chamber  position)  were  sufficient  to  yield  an  approximation 
to  the  pressure  profile  in  the  chamber.  By  differencing  either  of  the  spindle 
and  forward-chamber  gages  (P1-P5,  P1-P6,  P2-P6,  P2-P5),  the  first  negative 
pressure  gradient,  -AP^,  was  determined.  Projectile  velocity  was  calculated 
using  the  distance  between  and  the  projectile  arrival  times  at  two  solenoid 
coils  located  approximately  20  and  35  meters,  respectively,  forward  of  the  gun 
muzzle.  Ignition  delay  was  defined  as  the  time  interval  between  the  firing 
pulse  and  a  spindle  pressure  of  7  MPa. 

Generally,  the  data  were  recorded  in  real-time  by  the  Ballistic  Data 
Acquisition  System  (BALDAS)  under  the  control  of  a  PDP  11/45  minicomputer.  If 
the  data  were  not  recorded  by  BALDAS  because  of  some  unusual  ignition  delay  or 
computer  malfunction,  they  were  later  digitized  from  an  analog  recording  made 
of  each  test  round. 

C.  Firing  Components 


The  M483A1  projectile,  Lot  CG0-77J-008-001 ,  inert-loaded  with  wax  to 
46 .7  kg  was  used  for  all  tests.  For  one  series  where  in-bore  interferometer 
data  were  taken,  the  M7  3  dummy  fuze  on  the  front  of  the  projectile  was 
modified  with  a  flat  surface  to  enhance  the  microwave  return. 


Figure  2.  Locations  of  Pressure  Transducers  in  M199  Chamber 
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The  main  propelling  charge  consisted,  basically,  of  a  Zone  3,  Zone  4,  and 
Zone  5  increment,  each  of  which  varied  (Table  1)  depending  on  test  para¬ 
meters.  A  photograph  of  a  typical  BRL  multizone  charge  showing  the  two  types 
of  Ml  propellant  used  in  most  of  the  tests  is  shown  in  Figure  3.  Fabrication 
of  bag  increments  and  loading  of  charges  were  done  at  the  Materiel  Test 
Directorate  (MTD) ,  Aberdeen  Proving  Ground.  All  charges,  except  those  used 
for  Series  3,  were  conditioned  at  a  temperature  of  63°C  for  at  least  24  hours 
prior  to  firing.  The  charges  were  loaded  into  the  cannon  chamber  in  varying 
configurations  depending  on  the  requirements  of  the  test. 

III.  RESULTS 

Nineteen  series  of  3  to  5  test  rounds  each  were  fired.  To  facilitate 
discussion,  we  have  divided  them  into  the  following  groups:  Pressure- Wave 
Verification  (Group  A),  Interzone  Permeability  (Group  B),  Energetic  Compo¬ 
nents  (Group  C),  Charge  Position  and  Motion  (Group  D) ,  and  Initial  Ignition 
Stimulus  (Group  E).  Table  2  indicates  the  firing  sequence  with  a  rationale 
and  general  result  for  each  series.  Unless  otherwise  noted,  the  standoff  from 
spindle  face  to  basepad  was  25  mm  for  each  series. 


Figure  3.  BRL  Multizone  Charge  Fabricated  from 
M1SP  and  M1MP  Propellant 
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prior  to  firing.  Series  3  was  conditioned  at  21°C. 


TABLE  2.  TEST  RATIONALE  AND  RESULTS* 


TO 

G 

> 

G 

DC 

G 

H 

3 

TO 

TO 

g 

G 

k 

U 

G 

Ph 

s 

G 

r—l 

bo 

u 

w 

G 

G 

rJ 

•H 

• 

to 

g 

G 

iH 

CO 

TO 

G 

•W 

B 

3 

£ 

G 

*H 

u 

G 

G 

4-J 

G 

,3 

X 

TO 

4-J 

W 

O 

0 

,3 

•«, 

4-1 

X) 

G 

G 

4J 

4-J 

& 

a 

o 

s 

g 

e 

a 

• 

o 

X 

TO 

tn 

vO 

g 

TO 

3 

G 

G 

o 

TO 

rH 

a 

4-J 

a> 

c 

B 

bO 

3 

o 

O 

J-» 

G 

CM 

G 

m 

vv 

-3 

4-1 

iH 

O 

o 

G 

TO 

X) 

•H 

G 

iH 

a 

G 

> 

H 

G 

U 

G 

< 

JJ 

G 

Be 

TO 

6 

§ 

G 

• 

s 

o 

H 

O 

u 

G 

3 

O 

1 

TO 

H 

in 

G 

TO 

CM 

G 

CM 

B 

H 

4-J 

o 

Ph 

G 

4-J 

M 

G 

4-4 

G 

X 

bO 

G 

X 

X 

M 

c 

G 

G 

G 

o 

C4 

3 

Xi 

•H 

G 

•H 

4-J 

TO 

G 

•  OS 

•H 

G 

4-J 

/->. 

XI 

XI 

X 

G 

3 

o 

PH 

o 

X 

S 

u 

4J 

G 

*H 

U 

O 

TO 

s 

G 

CM 

G 

S 

Dt 

G 

O 

X 

X 

4-J 

co 

G 

3 

u 

G 

o 

TO 

i—4 

G 

TO 

TO 

' — / 

•H 

W> 

G 

i-1 

3 

> 

TO 

G 

H 

♦H 

G 

CO 

M 

4-1 

> 

•H 

*H 

G 

4-4 

X 

X 

c_> 

i— t 

G 

G 

o 

rH 

Jh 

co 

< 

X 

3 

vO 

3 

TO 

G 

TO 

4-J 

m 

G 

G 

o 

3 

U 

o 

G 

H 

•H 

♦H 

X 

-M 

G 

G 

vO 

G 

•H 

iH 

rH 

X 

X 

X 

X 

3 

G 

G 

O' 

mm 

O 

rH 

H 

u 

rv 

U 

•H 

2: 

G 

G 

3 

PH 

G 

> 

•H 

6-S 

s 

JH 

G 

G 

X 

m 

o 

> 

iH 

G 

rH 

G 

4-4 

G 

co 

•H 

o 

u 

o 

J-4 

3 

G 

4-J 

TO 

G 

£ 

G 

4-J 

G 

o 

X 

G 

J-4 

TO 

v^ 

J-t 

B 

G 

G 

• 

G 

> 

TO  -'“V 

CO 

bO 

TO 

G 

G  G 

G 

rH 

G 

>  Pi 

4-J 

X) 

•H 

tH 

G  X 

a 

G 

TO 

DC 

G 

J C 

4-J 

O 

o 

4-4 

G 

G 

G  vO 

X 

♦H 

X 

TO 

M 

G 

S 

O 

3  3 

3 

rH 

TO  G 

TO 

X 

O 

3 

TO  rC 

G 

G 

*H 

rH 

a»  4-j 

*H 

4J 

4-> 

*H 

H 

1-4 

G 

•H 

G 

pH  H 

G 

U 

TO 

O 

G 

TO 

•H 

O 

O 

rH  bO 

H 

a 

M 

rH  J-4 

iH 

X> 

s 

H 

G  G 

3 

G 

4-1 

o 

o 

£ 

B  XI 

CO  v^ 

* 

■K 

■K 

* 

* 

•K 

•K 

-K 

* 

■K 

15 


TABLE  2.  (continued)  TEST  RATIONALE  AND  RESULTS* 
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A.  Pressure-Wave  Verification  (Group  A) 


Rounds  fired  in  Group  A  were  to  verify  pressure-wave  phenomena  reported 
in  previous  XM211  firings  at  other  facilities  and  establish  a  baseline  charge 
for  this  study.  Figure  4  depicts  the  spatial  relationships  of  chamber/charge 
configuration  for  the  pressure-wave  verification  series.  Series  1  used  stan¬ 
dard  Advanced  Development  XM211  bags  loaded  at  MTD.  Series  2  and  3,  made 
using  XM211  bags  as  the  model,  were  fabricated  from  cloth  available  locally. 
The  charges  for  Series  1  were  slightly  smaller  in  diameter  and  longer  in 
length  than  the  baseline  charges.  All  three  series  consisted  of  the  Zones  3, 
4,  and  5  increments  base— ignited  with  85  g  of  CBI.*  Series  3  was  conditioned 
at  21°C  while  Series  1  and  2  were  conditioned  at  63°C.  Table  3  summarizes  the 
firing  results. 


Table  3.  Summary  of  Firing  Data*  for  Group  A 


P 

,  max 

-AP 

Coil 

Ignition 

(MPa) 

(MPa) 

Velocity 

Delay 

Series 

(m/s) 

(ms) 

i 

149.3 

48.5 

449.8 

42 

(2.2) 

(6.0) 

(0.9) 

(9.0) 

2 

146.9 

36.4 

454.4 

36 

(1.2) 

(7.2) 

(0.9) 

(3.0) 

3** 

123.7 

5.2 

442.8 

83 

(3.8) 

(3.9) 

(1.1) 

(21.2) 

*  Values  shown  are  averages  for  4  or  5  firings.  Series  standard  deviations 
are  shown  in  parentheses. 

**  Series  3  conditioned  at  21°C. 

Pressure-wave  levels  were  large  for  Series  1  and  2,  and  were  similar  to 
Pr®vf°us  XM2 1 1  firings.  The  change  in  bag  material  and  loading  facility 
operation  had,  apparently,  little  or  no  influence  on  this  aspect  of  the 
burning  characteristics  of  the  charges.  These  two  series  verified  the  pres¬ 
sure-wave  phenomena  reported  at  other  facilities  and  established  the  Series  2 
charge  for  use  as  a  baseline.  Figure  5  shows  plots  of  spindle  and  forward- 
chamber  pressure  and  pressure  difference  versus  time  which  are  typical  of  all 
series  with  large  magnitude  pressure  waves  (-AP.  between  20  and  60  MPa).  Here 
we  have  used  the  conventional  indicator  of  pressure-wave  magnitude,  namely,  the 
initial  negative  difference  between  the  pressure  recorded  at  the  spindle  and 
that  recorded  near  the  projectile  base,  — AP  ,  to  determine  combustion 
instability.  Series  3  was  fired  to  determine  if  'ambient  conditioning  (21°C), 
as  opposed  to  the  more  involved  high-temperature  conditioning  (63°C),  was 
sufficient  to  generate  substantial  pressure  waves.  Although  small  pressure 
waves  were  observed,  they  were  not  of  sufficient  magnitude  to  assess  the 


*  Clean  burning  igniter 
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effects  of  compositional  and/or  spatial  chamber/charge  changes  on  pressure- 
wave  formation.  The  data  of  Figure  6  are  typical  of  all  series  with  small 
pressure  waves  (-AP  between  0  and  10  MPa).  Since  ambient  conditions  were  not 
suitable  for  these  tests,  all  subsequent  charges  were  conditioned  and  fired  at 
63°C. 


B.  Interzone  Permeability  (Group  B) 

Five  series  of  rounds  were  fired  in  Group  B  (Table  2)  to  determine  the 
extent  to  which  nonenergetic,  interzone  barriers  (Series  4,  5,  6,  and  7)  or 
altered  propellant  interfaces  between  zones  of  a  charge  (Series  18)  affect  the 
formation  of  pressure  waves.  The  alteration  to  each  series  from  that  of  the 
baseline  (Series  2)  is  depicted  in  Figure  7.  The  number  of  nonenergetic, 
interzone  cloth  end  caps  was  reduced  from  four  in  the  baseline  series  to  two 
in  Series  4  to  none  in  Series  5  and  18.  In  addition,  the  propellant  loading 
was  varied  from  layered  in  Series  5  (M1SP/M1MP/M1MP)  to  a  composite  blend  of 
the  M1SP  and  M1MP  in  Series  18,  a  condition  which  rendered  uniform  overall 
charge  permeability.  Instead  of  two  distinct  propellant  layers,  each  with  its 
own  porosity,  permeability,  and  ignition  characteristics,  there  was  now  only 
one.  By  eliminating  these  distinct  propellant  layers,  the  flow  of  igniter 
gases  through  the  propellant  bed  was  substantially  altered.  For  Series  6  and 
7,  the  standard  geometry  of  three  zone  increments  was  used,  except  that  small 
cloth  discs  containing  57  g  of  potassium  nitrate  flash  reducer  were  inserted 
between  Zones  3  and  4  for  Series  6  and  between  Zones  4  and  5  for  Series  7 
prior  to  firing.  The  results  are  summarized  in  Table  4. 


Table  4.  Summary  of  Firing  Data*  for  Group  B 


Series 

P 

.max. 

(MPa) 

-AP 

(MPa) 

Coil 

Velocity 

(m/s) 

Ignition 

Delay 

(ms) 

4 

148.4 

35.6 

450.3 

52 

(1.5) 

(3.9) 

(1.0) 

(5.9) 

5 

156.2 

46.0 

447.6 

41 

(7.1) 

(9.9) 

0.3) 

(2.9) 

18 

136.1 

7.8 

449.6 

38 

(1.2) 

(1.0) 

(0.8) 

(1.9) 

6 

145.0 

41.3 

452.0 

44 

(3.6) 

(8.7) 

(1.2) 

(4.6) 

7 

142.4 

34.5 

450.2 

45 

(2.3) 

(3.1) 

(0.9) 

(1.9) 

*  Values 
are  shown 

shown  are  averages 
in  parentheses. 

for  4 

or  5  firings.  Series 

standard  deviations 

Large  pressure  waves  were  observed  in  all  but  Series  18,  wherein  small 
pressure  waves  and  a  slightly  reduced  maximum  pressure  occurred  with  no  loss 
in  average  coil  velocity.  Blending  of  the  M1SP  and  M1MP  propellants  altered 
the  ignition,  flamespreading,  and  charge  dynamics  from  the  baseline,  a 
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Figure  6. 


Figure  7.  Charge/Chamber  Configurations  for  Inter-Zone 
Permeability  Tests,  Group  B 
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phenomenon  not  observed  with  the  addition  or  deletion  of  bag  endcaps  and/or 
flash  reducer  bags. 

C .  Energetic  Components  (Group  C) 

Rigid,  combustible  sleeves  were  added  to  the  charge  to  determine  what 
effect  the  radial  constraint  coupled  with  the  additional  energy  would  have  on 
charge  performance.  Series  15  and  16  were  fabricated  using  energetic  nitro- 
cellulose  (NC)  tubes  on  the  outside  of  the  charge  (Table  2  and  Figure  8). 
Both  Series  15  and  16  had  NC  tubes  that  were  slit  along  their  length  and 
placed  around  the  bag  charge  increments  so  that  the  NC  tubes  overlapped  each 
other  by  2  cm.  The  tubes  were  then  circumferentially  taped  to  increase  charge 
rigidity  and  structural  stability.  For  Series  15,  two  NC  tubes  were  used 
covering  just  the  Zone  3  increment;  for  Series  16,  four  NC  tubes  were  used 
covering  the  entire  charge.  In  both  series,  the  base  and  front  ends  of  the 
charge  were  unaltered  with  the  CBI  basepad  and  front  cloth  endcap  both  open  to 
the  chamber.  The  results  are  summarized  in  Table  5. 


Table  5.  Summary  of  Firing  Data*  for  Group  C 


Series 

P 

.max, 

(MPa) 

-AP. 

(MPa) 

Coil 

Velocity 

(m/s) 

Ignition 

Delay 

(ms) 

15 

160.2 

46.9 

456.8 

43 

(4.6) 

(4.9) 

(0.8) 

(4.1) 

16 

220.6 

109.4 

491.2 

37 

(11.3) 

(16.2) 

(— ) 

(3.2) 

*  Values 

shown  are  averages  for  3  or  5 

firings.  Series 

standard  deviations 

are  shown 

in 

parentheses 

for  all  paremeters  except  Coil 

Velocity,  Series  16, 

wherein  data 

for  only  2  of  the  3  firings 

were  obtained. 

Combustion  anomalies  for  Series  15,  as  measured  by  -AP  ,  were  similar  to 
those  observed  In  earlier  series  even  though  Pmax  and  velocity  were  somewhat 
higher.  The  slightly  higher  Praax  and  velocity  may  be  attributable  to  the 
energy  available  from  the  addition  of  NC  tubes  into  the  charge  burning 
cycle.  When  the  NC  tubes  were  approximately  doubled  and  the  charge  further 
confined  for  Series  16,  all  measured  parameters  except  ignition  delay 
increased  dramatically.  The  substantial  increase  in  P  from  160.2  MPa  to 
220.6  MPa  (Figure  9)  cannot  be  attributed,  according  to  lumped-parameter 
interior  ballistic  calculations ,  to  just  the  additional  energy  available  in  the 
NC  sleeves.  The  pressure  waves  were  so  intense  that  damage  was  done  to  the 
spring  in  the  firing  housing  assembly  on  each  successive  round.  After  the 
third  of  five  rounds  was  fired,  part  of  the  housing  assembly  broke.  Due  to 
the  increased  charge  diameter  (four  NC  tubes  around  the  charge)  and  the 
reduced  charge-surface  permeability  (NC-tube  wall  rather  than  cloth-bag  wall), 
the  flow  of  igniter  and  early  combustion  gases  was  significantly  altered  in 
comparison  to  the  baseline  series,  and  it  is  likely  that  highly  vigorous  base 
ignition  of  the  charge  occurred.  This  localized  ignition  resulted  in  the  high- 
level  pressure  waves  noted,  with  a  dramatic  coupling  of  these  waves  into  the 
overall  chamber  pressurization  to  produce  the  large  increase  in  Pmax-  As 
would  be  expected,  velocity  increased  with  the  increase  in  chamber  pressure. 
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Figure  8.  Charge/ Chamber  Configurations  for  Energetic  Component  Tests, 
Group  C 
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PRESSURE  DIFFERENCE  (MPfl)  PRESSURE  CM PA) 


Figure  9.  Pressure  and  Pressure  Difference  for  Charges  with  Extremely 
Large  Pressure  Waves,  Series  16 
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D.  Charge  Position  and  Motion  (Group  D) 


Initial  charge  position  (standoff)  and  charge  motion  during  the  early 
ignition  cycle,  especially  with  low-loading-density  charges,  can  affect  the 
charge  performance.  In  Group  D,  several  aspects  of  charge  motion  were  ex¬ 
plored.  Details  for  each  series  are  noted  in  Table  2  and  Figure  10.  In 
Series  8,  a  cardboard  spacer  was  placed  between  the  base  of  the  projectile  and 
the  front  of  the  baseline  charge  in  an  attempt  to  prevent  charge  motion  during 
the  early  phase  of  the  ignition  process.  In  Series  9,  the  baseline  charge  was 
tightly  bound  with  nylon  tape.  Four  circumferential  wraps  (two  each  on  Zone  3, 
one  each  on  Zones  4  and  5)  were  made  to  radially  constrain  the  charge.  Two 
axial  wraps,  each  starting  at  the  base  of  the  charge  and  ninety  degrees  apart, 
ran  the  length  of  the  charge,  across  the  top  of  the  charge,  and  back  down 
again  to  the  base  of  the  charge.  These  wraps  were  made  in  an  attempt  to 
prevent  the  zones  from  separating  and  expanding  axially  into  the  base  of  the 
projectile  as  separate  increments  during  the  early  ignition  cycle.  Series  10, 
11,  and  12  were  variations  on  initial  zone  increment  positioning.  For  Series 
10,  the  Zones  3  and  4  increments  were  at  2.5-cm  standoff,  the  Zone  5  Increment 
was  forward  against  the  base  of  the  projectile;  for  Series  11,  the  Zone  3 
increment  was  at  2.5-cm  standoff,  the  Zones  4  and  5  increments  were  forward 
against  the  base  of  the  projectile;  and  for  Series  12,  all  three  increments 
were  at  maximum  standoff.  (Basepad  was  40  cm  from  spindle  face.)  Firing  re¬ 
sults  for  each  of  these  series  are  shown  on  Table  6. 


Table  6.  Summary  of  Firing  Data*  for  Group  D 


Series 

P 

.maxx 

(MPa) 

-AP 

(MPa) 

Coil 

Velocity 

(m/s) 

Ignition 

Delay 

(ms) 

8 

150.4 

51.6 

450.0 

44 

(1.4) 

(2.7) 

(0.8) 

(4.0) 

9 

147.1 

42.7 

450.7 

46 

(3.1) 

(4.5) 

(1.3) 

(5.6) 

10 

131.3 

6.7 

448.2 

47 

(1.2) 

(2.7) 

0.4) 

(5.7) 

11 

128.0 

2.6  , 

448.3 

42 

(2.7) 

(0.9) 

(0.8) 

(14.5) 

12 

128.4 

10.7 

447.4 

117 

(1.1) 

(0.7) 

(1.1) 

(13.3) 

*  Values  shown  are  averages  for  5  firings.  Series  standard  deviations  are 
shown  in  parentheses.  Series  10  and  11  have  initial  increment  separation. 

Both  the  restriction  on  initial  charge  motion  (Series  8)  and  initial 
increment  separation  (Series  9)  during  the  early  ignition  cycle  had  no  effect 
on  the  level  of  pressure  waves  of  these  rounds,  as  indicated  by  the 
large  -AP^.  For  Series  10,  11,  and  12,  initial  increment  placement  for  a 

three-increment  charge  had  a  dramatic  effect  on  the  combustion  process  as 
shown  by  the  low  -AP^  and  Fmax*  Moving  the  charge  to  the  front  of  the  chamber 
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Figure  10.  Charge/ Chamber  Configurations  for  Charge  Position  and 
Motion  Tests,  Group  D 
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(Series  12)  reduced  -AP.  from  previously  seen  values  of  30  to  110  MPa  to  10.7 
MPa.  Separating  the  charge  into  its  zone  increments  further  reduced  -AP  . 
With  only  the  Zone  5  increment  initially  placed  at  the  projectile  base  (Series 
10),  -AP.  was  reduced  to  6.7  MPa,  and  when  both  the  Zones  4  and  5  increments 
were  loaded  at  the  projectile  base,  the  -AP.  was  lowered  to  2.6  MPa,  a  value 
smaller  even  than  the  Series  3  firing  with  ambient  propellant. 

E.  Initial  Ignition  Stimulus  (Group  E) 

Many  times  a  slight  change  in  the  ignition  process  can  alter  the  flame- 
spread  and  initial  combustion  process  significantly  so  that  a  marginally 
stable  round  becomes  stable.  The  effects  of  both  faster  and  slower  ignition 
on  the  combustion  stability  of  the  charge  were  examined.  Details  on  each  of 
the  series  are  noted  in  Tables  1  and  2  and  Figure  11.  For  Series  13,  initial 

brisance  was  reduced  by  using  a  larger  web  propellant  in  the  Zone  3  increment 

(0.42-mm  web  versus  the  standard  0.33-mm  web).  Another  technique  for  reducing 
the  initial  flamespread  and  combustion  rate  was  to  alter  the  ignition  sequence 
from  the  standard  round  (Basepad/Zone  3/Zone  4/Zone  5)  to  that  noted  in  Series 
19  (Basepad/Zone  4/Zone  5/ Zone  3).  Here  the  CBI  basepad  impacted  directly  on 
the  Zone  4  propellant  (M1MP)  rather  than  on  the  faster  burning  Zone  3 

propellant  (M1SP).  To  increase  the  initial  combustion  rate,  both  faster 

burning  basepad  propellant  and  multiple  basepads  were  used.  In  Series  14,  the 
much  faster  burning  Class  5  Black  Powder  replaced  the  standard  CBI.  In  Series 
17,  two  CBI  basepads,  one  at  its  standard  position  on  the  base  of  the  Zone  3 
increment  and  the  other  on  the  forward  face  of  the  Zone  5  increment,  replaced 
the  standard  system.  Firing  results  for  the  four  series  are  indicated  in 
Table  7. 


Table  7.  Summary  of  Firing  Data*  for  Group  E 


Series 

P 

,  max 
(MPa) 

-AP 

(MPa) 

Coil 

Velocity 

(m/s) 

Ignition 

Delay 

(ms) 

13 

154.3 

44.9 

448.4 

42 

(2.6) 

(5.8) 

(0.9) 

(6.2) 

19 

151.3 

16.8 

450.4 

44 

(11.6) 

(6.9) 

(2.1) 

(2.4) 

14 

153.2 

51.3 

448.2 

15 

(9.6) 

(9.4) 

(3.1) 

(4.1) 

17 

146.0 

19.0 

457.0 

44 

(2.1) 

(5.7) 

(0.6) 

(3.9) 

*  Values  shown  are  averages  for  5  firings.  Series  standard  deviations  are 
shown  in  parentheses. 

Results  were  mixed  with  one  partial  improvement  in  each  category  of 
faster  and  slower  ignition.  Increasing  the  web  of  the  Zone  3  propellant  or 
employing  the  faster  black  powder  igniter  did  not  reduce  combustion 
instability.  The  -AP  was  large  for  each  group  (Series  13  and  14).  Ignition 
delay  for  Series  14  was,  as  expected,  significantly  reduced.  Altering  the 
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Figure  11.  Charge/Chamber  Configurations  for  Initial  Ignition 
Stimulus  Tests,  Group  E 
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sequence  of  propellant  ignition  (Series  19)  or  using  two  basepads  (Series  17) 
for  multiple  ignition  did  significantly  reduce  pressure  waves  (Figure  12). 

F .  155-mm  Howitzer  Simulator  Firings 

The  155-mm  howitzer  simulator  used  to  conduct  a  variety  of  studies  at  the 
Ballistic  Research  Laboratory  into  the  detailed  phenomenology  of  propelling 
charges  is  shown  in  Figure  13.  The  massive  mount,  constructed  of  armor  plate, 
accepts  either  plastic  chambers  or  axially  reinforced,  filament-wound  fiber¬ 
glass  chambers.  The  chambers  used  for  this  study  were  available  cast  acrylic 
tubing  with  nominal  inner  and  outer  diameters  of  165  mm  and  191  mm,  respec¬ 
tively.  The  clear  plastic  offers  much  better  visibility  of  the  events  tran¬ 
spiring  within  than  does  the  fiberglass,  but  it  fractures  at  significantly 
lower  pressures.  The  pressure  limit  for  these  tubes  has  been  found  to  be 
variable  from  sample  to  sample,  and  is  pressure-rise-rate  dependent.  The 
fiberglass  chambers  were  manufactured  by  NSWC/DL,  and  are  wound  on  a  mandrel 
to  the  interior  dimensions  of  the  155-mm,  M199  cannon  chamber.  The  muzzle  end 
of  the  chamber  is  closed  by  a  projectile  seated  in  a  section  of  gun  tube 
machined  to  the  dimensions  of  the  M199.  The  projectile  may  include  onboard 
instrumentation.  The  breech  end  of  the  apparatus  can  be  closed  by  one  of  four 
spindles:  the  mushroom  configuration  of  the  M199  or  M185,  or  f lattened-face 
versions  of  each.  The  Ml 85  mushroom  which  was  used  for  this  study  can  be 
instrumented  to  take  three  Kistler  607C  piezoelectric  pressure  transducers. 
Strain  patches  may  be  affixed  to  the  chambers  to  monitor  stresses  induced  by 
solid-phase  dynamics. 

Photographic  data  were  recorded  with  a  Hycam  40,  high-speed,  16-mm 
camera.  For  the  tests  reported  here,  the  data  were  recorded  on  Kodak 
Ektachrome  7241  film  at  a  framing  rate  of  approximately  5200  pictures  per 
second.  A  1— kHz  timing  signal  was  placed  on  the  film  by  electronics  internal 
to  the  camera,  and  the  firing  fiducial  (time  at  which  the  firing  voltage  is 
applied  to  the  gun)  was  also  placed  on  the  film  to  aid  in  correlation  of  the 
film  data  with  other  data.  A  mirror  was  positioned  behind  the  mount  to  allow 
simultaneous  recording  on  each  single  frame  of  the  events  occurring  on  both 
sides  of  the  chamber. 

Prior  to  and  serving  as  a  motivation  of  the  standard  gun  test  firings,  a 
Zone  5  charge  similar  to  those  fired  in  the  gun  was  test  fired  in  the  simu¬ 
lator.  The  charge  was  conditioned  to  63°C  prior  to  firing.  A  portion  of  the 
photographic  data  for  this  shot  is  shown  in  Figure  14.  The  top  photograph 
shows  the  charge  prior  to  firing,  with  the  spindle  at  the  right  and  the  pro¬ 
jectile  at  the  left  of  the  figure.  Shown  next  in  the  figure  is  the  early 
igniter  functioning.  After  this,  a  mild  luminous  front  oscillated  between  the 
spindle  and  projectile  (not  shown).  As  the  charge  began  to  burn,  it  became 
cocked  so  that  the  rear  end  was  lifted  off  and  the  forward  end  remained  on  the 
bottom  of  the  chamber.  Further  into  the  cycle,  a  slug  of  propellant  (Zone  5 
increment)  separated  from  the  charge  and  was  propelled  toward  the  projec¬ 
tile.  Each  of  the  seven  final  photographs  of  Figure  14  are  separated  by  about 
0.4  ms.  The  plastic  tube  failed  in  the  frame  succeeding  the  final  photograph, 
and  the  velocity  of  the  slug  of  propellant  at  this  time  was  approximately  150 
meters  per  second. 

Given  the  behavior  seen  in  this  single  test  firing,  one  round  each  of  the 
same  charge  composition  and  loading  of  Series  2,  8,  9,  10,  and  11  was  fired  in 
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Figure  12.  Pressure  and  Pressure  Difference  for  Charges  with  Medium 
Pressure  Waves,  Typical  of  Series  17  and  19 
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Figure  13.  Photograph  of  Experimental  Apparatus,  155-mm  Howitzer  Simulator 


Figure  14.  Film  Flame  Data,  Zone  5  Charge 


33 


the  simulator.  The  Series  2  firing  was  essentially  a  repeat  of  the  shot  just 
described.  The  plastic  tube  failed  before  any  motion  of  packages  of 
propellant  was  noticeable.  Likewise,  the  tubes  failed  before  charge  movement 
in  shots  for  Series  8  and  9,  where  the  movement  was  constrained  by  reinforced 
tie  straps  or  a  cardboard  spacer.  Since  these  configurations  yielded  large 
pressure  waves  in  the  gun  environment,  it  was  hypothesized  that  the  con¬ 
straints  probably  failed  at  higher  pressures,  allowing  movement  of  the  propel¬ 
lant.  The  shots  for  Series  10  and  11,  with  increments  separated  in  the  cham¬ 
ber,  showed  no  movement  of  any  of  the  packages,  a  result  consistent  with  the 
lower-level  pressure  waves  produced  in  the  gun. 

IV.  DISCUSSION  AND  CONCLUSIONS 

In  this  study,  the  influences  of  charge  interzone  permeability, 
distribution  of  ullage,  charge  increment  movement,  igniter  brisance  and  place¬ 
ment  of  parasitic  components  on  the  formation  of  pressure  waves  in  tempera¬ 
ture-conditioned,  multizone  charges  were  investigated.  These  are  the  param¬ 
eters  we  earlier  identified  as  those  most  likely  to  affect  the  detailed  gas 
flow,  bag  rupture,  and  propellant  motion  characteristics  of  multizone 
charges.  Figure  15  graphically  illustrates  the  large  range  of  peak  chamber 
pressure  and  -AP^  obtained  by  changes  in  charge/chamber  configuration  and/or 
charge  interzone  parasitics. 

Within  the  range  of  parameters  studied,  the  results  of  this  investigation 
are  consistent  with,  but  not  a  direct  demonstration  of,  propellant  motion  and 
possible  grain  fracture  as  mechanisms  for  production  of  pressure  waves  in  this 
type  of  charge.  We  note,  in  all  instances  for  the  63°C-conditioned  charge, 
where  the  forward  increment  could  move  during  the  flamespread  cycle,  albeit 
after  initial  confinement,  that  we  obtained  large-magnitude  pressure  waves. 
This  motion  is  probably  testimony  to  the  strongly  localized  base  ignition  of  a 
very  rapidly  burning  package  of  propellant  (Zone  3),  whose  product  gases 
cannot  percolate  through  the  forward  propellant  bed  and  interzone  barriers 
without  inducing  considerable  motion  of  the  forward  package(s).  This  is 
particularly  true  of  instances  where  the  gases  find  no  avenue  of  relief,  as 
with  the  charge  loaded  completely  in  radially  confining  tubes  (Series  16).  In 
situations  in  which  the  forward  element  truly  cannot  move,  such  as  at  maximum 
standoff  or  with  initial  increment  separation,  the  pressure  waves  are  small. 
Further  indication  of  this  amelioration  is  presented  by  the  low-level  waves 
with  the  uniformly  blended  charge,  where  there  are  no  interzone  physical  or 
porosity  barriers,  and  with  the  double-basepad  charge,  which  may  have 
generated  enough  reverse  thrust  at  the  forward  end  of  the  charge  to  preclude 
substantial  motion. 

The  overwhelming  conclusion  reached  from  this  study  is  that  the  perform¬ 
ance  of  the  multizone  charge  is  truly  a  function  of  many  interacting  proces¬ 
ses,  which  are  affected  by  the  many  interrelated  components  comprising  the 
charge.  We  have  identified  areas  of  concern  for  bagged  multizone  charges; 
studies  currently  underway  will  indicate  whether  the  concerns  are  valid  for 
more  rigidly  confined  charges  of  the  future  which  will  employ  combustible 
cases. 


34 


o 

LO 


o 

*3“ 


o  co 
CO 


g 

Ph 


M 

O  ^ 
CM  O 


E-t 

CO 

cc; 

M 

Pn 


O 


(VdW)  SHflSSSHd  HSSKVHD  KtlKIXVW 


<d 

> 

CD 

.-4 

CD 

> 

i 

CD 

Jh 

P 

CO 

to 

<D 

U 

Pu 


CD 

P 

P 

CO 

to 

CD 

U 

Cu 

fH 

CD 


U 


X 

aj 

4H 

O 

X 

4-> 

•rH 

> 

•H 

+-> 

•H 

CO 

g 

CO 


LO 


CD 

Pi 

bO 

•H 

Uh 


35 


REFERENCES 


1.  I.  W.  May,  "The  Role  of  Ignition  and  Combustion  in  Gun  Propulsion:  A 

Survey  of  Developmental  Efforts,"  Proceedings  of  13th  JANNAF  Combustion 
Meeting,  CPIA  Publication  281,  Vol.  I,  pp.  315-340,  September  1976. 

2.  I.  W.  May  and  A.  W.  Horst,  "Charge  Design  Considerations  and  Their  Effect 
on  Pressure  Waves  in  Guns,"  ARBRL-TR-02277,  Ballistic  Research  Laboratory, 
USA  ARRADCOM,  December  1980  (AD  A095342) . 

3.  T.  C.  Minor  and  J.  DeLorenzo,  "Charge  Design  Approaches  to  the  Reduction 
of  Low  Zone  Stickers,"  Proceedings  of  1976  JANNAF  Propulsion  Meeting,  CPIA 
Publication  280,  Vol.  Ill,  pp.  403-434,  December  1976. 

4.  R.  J.  DeKleine,  "155-mm  XM211  Propelling  Charge  Zones  3-6  -  Design  Review 
Minutes,"  Office  of  Project  Manager,  Cannon  Artillery  Weapons  Systems, 
Dover,  NJ,  April  9,  1980. 

5.  J.  J.  Rocchio,  R.  A.  Hartman,  and  N.  J.  Gerri,  "An  Electric  Primer-Opera¬ 
ted  Firing  Pin  Actuator  for  Large  Caliber  Guns,"  ARBRL-MR-02897 ,  Ballistic 
Research  Laboratory,  USA  ARRADCOM,  January  1979  (AD  A069109) . 


36 


APPENDIX  A 

PLOTS  OF  SPINDLE  PRESSURE  (SOLID  LINE)  ,  FORWARD -CHAMBER 
PRESSURE  (DASHED  LINE)  AND  PRESSURE  DIFFERENCE  VERSUS  TIME 
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*  Charge  and  projectile  weights  were  3.95  and  46.3  kg,  respectively.  Seating  distance  was  911  mm  unless  noted  otherwise. 
Propellant  temperature  was  63°C  except  for  Series  3  (21°C). 

**  Pi  and/or  P5  data  lost.  Data  shown  in  parentheses  derived  from  P2  and/or  P6 ,  but  were  not  used  to  determine  the  average 
and  standard  deviation. 
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*  Charge  and  projectile  weights  were  3.95  and  46.8  kg,  respectively.  Seating  distance  was  911  mm  unless  noted  otherwise. 
Propellant  temperature  was  63°C  except  for  Series  3  (21  C). 

**  PI  and/or  P5  data  lost.  Data  shown  in  parentheses  derived  from  P2  and/or  P6 ,  but  were  not  used  to  determine  the  average 
and  standard  deviation. 
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Charge  and  projectile  weights  were  3.95  and  46.8  kg,  respectively.  Seating  distance  was  911  mm  unless  noted  otherwise. 
Propellant  temperature  was  63°C  except  for  Series  3  which  was  21°C. 
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Charge  and  projectile  weights  were  3.95  and  46.8  kg,  respectively.  Seating  distance  was  911  mm  unless  noted  otherwise. 
Propellant  temperature  was  63°C  except  for  Series  3  which  was  21°C. 
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Charge  and  projectile  weights  were  3.95  and  46.8  kg,  respectively.  Seating  distance  was  911  mm  unless  noted  otherwise. 
Propellant  temperature  was  63°C  except  for  Series  3  which  was  21°C. 
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PROPELLANT  DESCRIPTION  SHEET 
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SEQUENCE  No.  373 


CERTIFICATE  OF  COMPLIANCE  AND  ANALY8I8 


BLACK  POWDER /  POTASSIUM  NITRATE 
SODIUM  NITRATE 
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improving  future  reports . 

1 .  BRL  Report  Number _ 

2.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related 
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3.  How,  specifically,  is  the  report  being  used?  (Information 
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4.  Has  the  information  in  this  report  led  to  any  quantitative 
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5.  General  Comments  (Indicate  what  you  think  should  be  changed  to 
make  this  report  and  future  reports  of  this  type  more  responsive 
to  your  needs,  more  usable,  improve  readability,  etc.) 
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this  report  to  raise  specific  questions  or  discuss  the  topic, 
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